human islets. Additionally, rational programming of designer cells enables (iv) straightforward finetuning of performance parameters and provides (v) flexibility to couple glucose sensing to the production of other therapeutic proteins such as GLP-1 required for T2D therapy (1, 29).
Animesh Gupta, 4 Richard E. Lenski 5 Understanding the conditions that allow speciation to occur is difficult because most research has focused on either long-lived organisms or asexual microorganisms. We propagated bacteriophage l, a virus with rapid generations and frequent recombination, on two Escherichia coli host genotypes that expressed either the LamB or OmpF receptor. When supplied with either single host (allopatry), phage l improved its binding to the available receptor while losing its ability to use the alternative. When evolving on both hosts together (sympatry), the viruses split into two lineages with divergent receptor preferences.
Although the level of divergence varied among replicates, some lineages evolved reproductive isolation via genetic incompatibilities. This outcome indicates that, under suitable conditions, allopatric and sympatric speciation can occur with similar ease.
S
tudies of extant and extinct species provide evidence that biological evolution can promote diversification rather than mere replacement of one form by another (1). Moreover, asexual microbes frequently diversify when cultured in the laboratory (2), even in simple conditions that would seem to favor homogeneity (3). Sympatric diversification in sexual populations has long been thought to be difficult because constant recombination prevents an interbreeding population from splitting into genetically distinct lineages that occupy different ecological niches (4, 5) . However, putative examples of sympatric speciation have advanced the argument that speciation in a recombining population may occur under certain circumstances (6, 7) , although other studies have disputed these claims (8) . This debate is important because the process of speciation is fundamental to biological evolution.
To shed light on this question, we conducted evolution experiments with viruses to examine the effect of recombination on their divergence into distinct ecological niches. We studied a virulent (i.e., strictly lytic) derivative of phage l, which infects Escherichia coli. Most l can use only a single outer-membrane protein, LamB, as a receptor, but the strain we studied, EvoC, can also exploit a second receptor, OmpF (9) . The ability to use OmpF arose via five point mutations in the host-recognition gene, J. To examine l diversification, we propagated virus populations on one or both of two strains of E. coli that differ only in whether they possess the lamB or ompF genes, which encode LamB and OmpF, respectively (10) . Phages tend to exploit specific receptors (11) , leading us to predict that populations of the generalist phage EvoC would evolve toward increased receptor specificity. Whether or not two receptor specialists evolved, however, would likely also depend on the effects of recombination. When two or more l viruses infect the same cell, their genomes can recombine (12) .
We use l as a model for analyzing the mechanisms of speciation. Viruses are diverse (13) , and their rates and mechanisms of speciation will depend on their life histories, just as the rates and mechanisms vary in plants and animals. However, some salient features of speciation are shared, even across such distant taxa. For example, viruses that infect the same species and cell types are thought to have evolved mechanisms to limit recombination, including divergences in nucleotide composition and RNA structure that are analogous to prezygotic barriers in plants and animals (14) (15) (16) . One feature of our system that might promote sympatric speciation is the connection between the viruses' ecological niches (i.e., host cells) and where genetic exchange occurs. Specialists that use the same receptor will naturally tend to recombine because they are more likely to infect the same host. Therefore, reproductive isolation can evolve as a by-product of ecological divergence, without requiring other mutations that govern recombination. Such dualeffect mutations have been described in other systems and are important because their simultaneous effects on ecological niches and mating SCIENCE sciencemag.org propensities promote speciation when resources are patchily distributed (17) (18) (19) .
We propagated six initially homogeneous and identical populations of l strain EvoC for 35 cycles of dilution into host populations containing an equal mix of genotypes expressing either the LamB or OmpF receptor (20) . The high initial ratio of viruses ( ~10 8 ) to bacteria (~2 × 10 6 ) increases the opportunity for co-infection and recombination. After 8 hours, surviving bacteria were killed to stop the host population from evolving resistance, and a new cycle of viral reproduction was initiated by transferring 1% of the phage into a fresh population of naive bacteria. Twelve other phage populations were also cultured with a single host type (half expressing only LamB and half expressing only OmpF). We describe these single-host populations as allopatric because the separate flasks prevent viruses that use different hosts from recombining at any point in time. We call the mixed-host treatments sympatric because viruses that infect the different host types in one generation may infect the same host and recombine in the next generation. One caveat to this terminology is that viral recombination can only occur within host cells, thereby introducing a subtle fine-scale spatial element to the sympatric treatment.
Strong receptor specialization evolved in all 12 single-host populations (Fig. 1) . All six phage populations (7 to 12) that evolved with only the LamBexpressing hosts could no longer produce plaques on OmpF cell lawns (20) . Five of six populations (1 to 5) propagated on only the OmpF-expressing cells evolved similar specialization; one population (6) continued to produce plaques on LamB hosts but at lower levels than on OmpF hosts. The ancestral phage EvoC produced plaques on both hosts, although more on the type expressing the LamB receptor (Fig. 1) .
To determine whether phage performance on the two hosts also diverged when phages evolved on mixed hosts, we isolated six phages that produced plaques on LamB hosts and six on OmpF hosts from each sympatric-treatment population. We performed the same assay on these 72 isolates as on the single-host populations (Fig. 1) . Four populations (13, 14, 17, and 18) evolved both OmpF and LamB specialists, although most were not as specialized as those that evolved in allopatry. Two populations (15 and 16) contained a mixture of LamB specialists and generalists that, like the ancestral phage, could infect both LamB and OmpF hosts. Therefore, diversification occurred in sympatry as well as in allopatry.
Models of adaptive radiations indicate that ecological speciation requires a trade-off in the ability to use different resources (21) . Moreover, the relation must be convex, such that a diminished ability to use one resource is outweighed by an improvement on the alternative. We measured the adsorption rates for the ancestor and two isolates from each sympatric population, one isolated on OmpF-only cells and the second on LamB-only cells (Fig. 2) . In all six cases, the ancestral values fell below the line connecting the evolved isolates (sign test, one-tailed P = 0.0156). This pattern indicates that mutations that increase specialization provide greater gains in adsorption rate on the focal receptor than losses on the alternative one. With all else being equal, natural selection should favor specialization and drive diversification. Adsorption rate is an important component of phage fitness, but not every adsorption event necessarily leads to a productive infection. Nonetheless, the correlation in receptor specialization based on adsorption rates and plaque formation is highly significant (20) (fig. S1) .
We sequenced the host-recognition gene, J, from one phage isolated on each host from the mixedhost populations, one from each OmpF-only population, and one from five of the six LamB-only populations (20) . (Population 8 was not represented because the sample failed to preserve.) In total, we found 67 substitutions at 28 different positions. All were nonsynonymous and in the reactive region of the host-recognition J protein (22) , indicating that they were likely adaptive (Fig. 3A) . The LamB specialists had fewer mutations than the OmpF specialists (means of 1.41 and 4.54, respectively; t = 9.93, df = 21, two-tailed P < 0.0001). It is not surprising that the LamB specialists had fewer mutations, given that the most recent ancestor (EvoC) favored LamB and that the ancestor of EvoC (l strain cI26) only used LamB. In general, the evolved LamB specialists did not reacquire that preference via reversion; only 1 of the 12 sequenced alleles reverted at a single site of the five that distinguish EvoC from cI26 (a2988c in population 17). Only two sites had mutations in both LamB and OmpF specialists, whereas 10 sites had parallel substitutions across independently evolved specialists of the same type.
A cluster analysis performed on the basis of the genetic distance among J alleles shows the different pattern of substitutions between the LamB and OmpF specialists (20) [analysis of similarities (ANOSIM) R = 0.659, P = 0.0001 (Fig. 3B) ]. Phages isolated on the same host genotype but from different flasks had more similar J alleles than phages isolated from the same flask but specialized on different hosts. By contrast, there are no compelling differences between phages specialized on the same host type but Fig. 1 evolved in allopatry versus sympatry (20) (ANOSIM R = 0.075, P = 0.1336). These patterns indicate that selection in the two-host sympatry treatment drove the generalist phage populations to diverge into two subpopulations with distinctive genomes and preferences for the different receptors.
Another layer of reproductive isolation may arise along with host preference, if the mutations for LamB and OmpF specialization are incompatible. The Dobzhansky-Muller model predicts that speciation will occur if hybrids have lower fitness than their parents, reducing effective gene flow (23) . To examine this possibility, we focused on population 18, where the LamB and OmpF specialists had one and four mutations, respectively, in the J gene (Fig. 3A) . Using multiplexed automated genome engineering (MAGE) (20, 24) to edit a lysogenic strain of phage, cI857, we constructed alleles corresponding to the ancestral EvoC strain, the LamB specialist, the OmpF specialist, and a hybrid with all five mutations from the two specialists (Fig. 4, A and B) . As expected, the constructed strains with the evolved alleles were specialists, and the one with the EvoC allele was a generalist (Fig. 4C ). These observations indicate that the mutations in J are responsible for most, if not all, of the divergence in receptor preferences. Whole-genome sequencing of the specialists 18O and 18L revealed four additional mutations, but they occur in genes unlikely to affect interactions with the host receptor (20) . Sympatric speciation is more feasible when a single gene has a large effect on ecological differentiation because it reduces the extent to which recombination could prevent divergence. Other studies of newly formed species have also found that variation in one or a few genomic regions accounts for most reproductive isolation (25) .
Our first attempt to construct a hybrid between the LamB and OmpF specialists produced no viable phage, which suggests that the hybrid might not be viable. Our second attempt, however, produced a few infectious phages. Given this discrepancy, we hypothesized that the viable phages may have resulted from reversion or compensatory mutations that occurred during the MAGE procedure. To test this, we sequenced the reactive region of J for five randomly chosen hybrids. All five had reverted the a2996t mutation to the ancestral state, removing the single LamBspecialization mutation and thereby recreating the OmpF-specialized allele. Thus, we found no viable true hybrids, providing evidence that the mutations that encode OmpF and LamB specialization are incompatible.
Our results show that l likely evolved two mechanisms of reproductive isolation: (i) divergent host use leading to positive assortative recombination and (ii) genetic incompatibilities. These barriers satisfy the criteria for the biological species concept (5, 26) . The distinctive ecological niches and genomic changes in the specialist phages also fulfill some other species definitions (27, 28) . However, the specialists fall far short of a widely used criterion in phage taxonomy, namely <70% sequence similarity (28) . We take this discrepancy to mean that we have observed the essential processes that can lead to speciation, but they have not operated long enough for the specialists to be classified as distinct species.
Four features of the experimental system contributed to the success of sympatric speciation and the speed with which it occurred. First, the convex trade-off between exploiting the two hosts set the stage for specialists to evolve. Second, the homogenizing effect of recombination was limited because a few mutations in a single gene accomplished this specialization. Third, the connection between host use and reproduction generated a barrier to gene flow as a by-product of natural selection. Fourth, the mutations that improved use of the alternative receptors were incompatible, preventing gene flow between the lineages. Determining how widespread these features are in nature remains an important empirical challenge. Understanding which features, if any, can be relaxed without disrupting speciation is both a theoretical and an empirical challenge. Colored fill shows mutations in engineered phages relative to the lysogenic phage background, cI857, used to engineer the four alleles shown. (C) Specialization index from plaque assays for the ancestor and two engineered specialists. The engineered hybrid with one LamB-and four OmpF-specific mutations did not produce plaques on either host. Error bars indicate 95% confidence intervals.
